The Shank3 gene encodes a scaffolding protein that anchors multiple elements of the postsynaptic density at the synapse. Previous attempts to delete the Shank3 gene have not resulted in a complete loss of the predominant naturally occurring Shank3 isoforms. We have now characterized a homozygous Shank3 mutation in mice that deletes exon 21, including the Homer binding domain. In the homozygous state, deletion of exon 21 results in loss of the major naturally occurring Shank3 protein bands detected by C-terminal and N-terminal antibodies, allowing us to more definitively examine the role of Shank3 in synaptic function and behavior. This loss of Shank3 leads to an increased localization of mGluR5 to both synaptosome and postsynaptic density-enriched fractions in the hippocampus. These mice exhibit a decrease in NMDA/AMPA excitatory postsynaptic current ratio in area CA1 of the hippocampus, reduced long-term potentiation in area CA1, and deficits in hippocampus-dependent spatial learning and memory. In addition, these mice also exhibit motor-coordination deficits, hypersensitivity to heat, novelty avoidance, altered locomotor response to novelty, and minimal social abnormalities. These data suggest that Shank3 isoforms are required for normal synaptic transmission/plasticity in the hippocampus, as well as hippocampus-dependent spatial learning and memory.
Introduction
Autism is characterized by differences in key behavioral domains: social behavior, language, and restricted and repetitive behaviors (Schreibman, 1988) . Deletions and other loss-of-function mutations of the gene encoding the synaptic scaffolding protein SHANK3 have been strongly implicated in human autism (Durand et al., 2007; Moessner et al., 2007; Gauthier et al., 2009; Boccuto et al., 2012) . Furthermore, there are hundreds of children with Phelan-McDermid syndrome (22q13 deletion syndrome, intellectual disability with autism or autistic features) in which SHANK3 is strongly implicated in the autistic features and broader neurodevelopmental phenotype (Bonaglia et al., 2001 (Bonaglia et al., , 2006 Wilson et al., 2003; Dhar et al., 2010; Boccuto et al., 2012) , making hemizygous SHANK3 deletion the most common SHANK3 mutation associated with autistic features. Thus, a complete understanding of SHANK3 function in the CNS is critical to understand a subset of autism spectrum disorders caused by SHANK3 deletion or mutation.
Shank3 is a member of the Shank family of postsynaptic scaffolding proteins enriched in postsynaptic densities (PSDs) and was discovered in yeast two-hybrid screens as a binding partner of guanylate kinase-associated protein (GKAP) and postsynaptic density protein 95 (PSD-95; Naisbitt et al., 1999) . Shank3 binds to the integral machinery of PSDs through its several functional domains. The ankyrin repeat domain of Shank3 mainly interacts with cytoskeletal proteins (Böckers et al., 2001) . Its PSD protein/Drosophila disc large tumor suppressor/zonula occludens-1 protein (PDZ) domain interacts with ionotropic glutamate receptors either directly or indirectly via GKAP and PSD-95 (Garner et al., 2000; Uchino et al., 2006) . The Homer binding domain of Shank3 binds to Homer, which then binds to the group 1 metabotropic glutamate receptors, such as mGluR1/5 .
Initial attempts to create mouse models lacking all Shank3 isoforms were unsuccessful, although they added important information of potential relevance to autism caused by SHANK3 mutations. Exon 4 -9 or 4 -7 deletion mouse models, coding for the ankyrin repeat domain, led to loss of only one of three major protein isoforms of Shank3 (Shank3␣) by Western blot analysis (Bozdagi et al., 2010; Peça et al., 2011; . A deletion model encompassing exons 13-16 (coding for the PDZ domain) led to loss of only two of the three major protein iso-forms of Shank3 (Shank3␣ and Shank3␤; Peça et al., 2011 ) using a single antibody.
Interestingly, an exon 21 deletion (coding for the Homer binding domain) mouse model results in loss of the predominant naturally occurring isoforms of Shank3 in the homozygous state, providing an excellent model in which to understand the effects of loss of naturally occurring Shank3 isoforms. This exon 21 deletion mouse model is based on a particular autism-associated mutation in humans that involves a guanine nucleotide insertion in exon 21, creating a frame shift and premature stop codon near the Homer binding domain. In the hemizygous state (Shank3 ϩ/⌬C ), this model results in only partial loss of the major naturally occurring Shank3 proteins (data not shown). In the homozygous state (Shank3 ⌬C/⌬C ), this model results in loss of major naturally occurring isoforms of Shank3 detected by N-terminal and C-terminal antibodies. Thus, examining the effects of homozygous mutation is informative of the function of Shank3, although only hemizygous mutation in exon 21 of the Shank3 gene has been linked to autism.
In this study, we examine the biochemical, behavioral, and electrophysiological consequences of homozygous loss of major naturally occurring Shank3 isoforms in the exon 21 deletion mouse model. We find that Shank3 ⌬C/⌬C mice show deficits in spatial learning and memory, motor coordination, sensitivity to sensory stimuli, and responses to novelty. To begin to understand the underlying mechanisms of these deficits, we examine synaptic physiology in area CA1 of the hippocampus of these mice and find impairments in hippocampal synaptic transmission and plasticity. These findings highlight the importance of Shank3 in normal synaptic function and behavior and provide additional evidence of potential treatment targets for autism and intellectual disability associated with Shank3 deletion/mutation.
Materials and Methods

Generation of Shank3
⌬C/⌬C mice. The Shank3 targeting construct was designed to delete exon 21 with Cre-mediated excision. To "flox" exon 21, Shank3 bacterial artificial chromosome DNA clone (Geneservice) was modified using standard recombineering technology. The final targeting construct had two homology arms of 6.0 and 1.7 kb, respectively. To identify targeted ES cells by PCR screen, a PCR control vector was constructed, which retains the Neo cassette and the short homology arm present in the targeting vector and additional Shank3 genomic sequence contiguous to the short arm. The targeting construct was electroporated into ES cells (129 s6 SvEv Tac background) and ES clones were selected for G418 resistance. The ES clones with targeted homologous recombination were identified by PCR with two sets of primers (forward, 50-TCGCCTTCTTGACGAGTTCT; reverse, 50-ACACGCTTTGGACACT TCTC). The authenticity of desired homologous recombination in the ES clones was confirmed by sequencing the PCR products. The positive ES clones were then injected into blastocysts (C57BL/6 strain) to generate chimeras at the Transgenic Facility of Johns Hopkins University School of Medicine. The chimeric mice were bred with C57BL/6 mice to confirm germ-line transmission of floxed Shank3, which was identified by PCR with primers as follows: forward, 50-ACTTCGTATAATGTATGC-TATACGAAG; reverse, 50-GGCCATTGAATGGCTTCTCTGG. The floxed Shank3 mice were then mated with mice expressing actin-cre to excise exon 21. The resulting progeny were genotyped using a combination of three primers. The primer sequences were as follows: 50-TCCT GTGTCCCCTCATTGATGTT, 50-CTCTGCCACCTTCTGCCTACAA A, and 50-TGTCCTGTTGCAGGTAGGGAGAG. After confirming excision, the Shank3 ϩ/⌬C mice were mated with wild-type (WT) C57BL/6 mice to cross out the cre allele, and the progeny were further backcrossed with C57BL/6 mice for at least five generations. All mice tested were sex-matched, littermate progeny of matings between heterozygous Shank3 mutant mice. Overall, the Shank3 ⌬C/⌬C mutant mice appeared healthy except for their smaller body weight (measured at ϳ17 weeks of age; Shank3 ⌬C/⌬C , 24.57 Ϯ 0.13 g; WT, 31.95 Ϯ 0.15 g; p Ͻ 0.001; Table 1 ).
Western blot. Synaptic protein levels from seven pairs (WT/Shank3
⌬C/⌬C , 5-6 months old) were determined by immunoblotting whole hippocampus dissected in ice-cold artificial CSF [ACSF; 124 mM NaCl, 5 mM KCl, 1.25 mM NaH 2 PO 4 , 1 mM MgCl 2 , 26 mM NaHCO 3 , 10 mM dextrose, 2 mM CaCl 2 , 5 mM EDTA, and 1ϫ Halt protease and phosphatase inhibitor mixture (Thermo Fisher Scientific)] and then homogenized in 1% SDS, 50 mM NaF, 5 mM EDTA, and 1ϫ Halt protease and phosphatase inhibitor mixture (Thermo Fisher Scientific). Ten micrograms of protein were loaded per lane and blotted with antibodies for synaptic proteins and internal loading controls (␤-actin). An Image Works film processor was used to develop films, and the chemiluminescence signals were quantified, normalized, and statistically analyzed using NIH ImageJ, Image Studio, and Microsoft Excel.
Synaptosome preparation. All steps were performed at 4°C or on ice; all buffers contained Halt protease and phosphatase inhibitors (Thermo Fisher Scientific). Mice were killed by live decapitation, and rapidly dissected hippocampi were homogenized in Syn-PER synaptic protein extraction reagent (Thermo Fisher Scientific), ϳ1 ml/100 mg tissue. Samples were centrifuged at 1200 ϫ g for 10 min. The resulting supernatant was then centrifuged at 15,000 ϫ g for 20 min. Pellets (synaptosomes) were resuspended in buffer B (3 mM sucrose in 6 mM Tris, pH 8.0) with 1% SDS, briefly sonicated, and flash frozen in liquid nitrogen. Samples were stored at Ϫ80°C, and protein concentration was quantified by DC Protein Assay (Bio-Rad).
PSDII preparation. Synaptosome pellets were isolated as described above, resuspended in 1 ml of buffer B, and homogenized. Homogenates were gently layered onto sucrose density gradients (1.15, 1, and 0.85 M sucrose) and centrifuged at 82,500 ϫ g. The fraction between 1.15 and 1 M sucrose layer was isolated, resuspended in buffer C (6 mM Tris, pH 8.0, 1% Triton X-100), and incubated for 15 min before centrifugation at 32,800 ϫ g for 20 min. The pellets were resuspended in buffer D (6 mM Tris, pH 8.0, 0.5% Triton X-100) and incubated for 15 min. After centrifugation for 1 h at 201,800 ϫ g, the resulting pellets (PSD-II) were resuspended in a minimal volume of buffer D and flash frozen in liquid nitrogen.
Behavioral overview. Behavioral tests were performed on a cohort of 9 female and 10 male, age-and sex-matched littermate pairs (n ϭ 19 WT and n ϭ 19 homozygous mutant) during the light cycle of the mice. All mice were born within 10 weeks of each other. Behaviors were tested at 2-6 months of age (unless otherwise noted) by an experimenter blind to genotype in the following order: elevated plus maze, dark/light, open field, locomotor, grooming, three-box social interaction test, marble burying, rotarod, social interaction with a juvenile, nesting behavior, Morris water maze, visible water maze, paired-pulse inhibition, startle threshold, footshock sensitivity, and hotplate sensitivity. One littermate pair was excluded from the analysis of elevated plus maze and social interaction with a juvenile as one littermate jumped out of the apparatus. Similarly, two littermate pairs were excluded from the three-box social interaction test as the mice climbed out and began circling the outer edge of the apparatus. Also, one mouse was found dead in its home cage on the morning after nesting behavior was performed, so its littermate pair was excluded from the study after nesting behavior. Ultrasonic vocalizations (USVs) emitted by male mice in the presence of a free-roaming estrous female were recorded in eight male age-matched littermate pairs at 10 -13 months of age. Afterward, grooming behavior was repeated in a cohort of seven male and an additional nine female littermate pairs (n ϭ 16 WT and n ϭ 16 homozygous mutant).
Behavioral results are not described in the order they were tested in an effort to ease presentation and interpretation of the data. All statistical analyses of behavioral data were conducted using Statistica software (version 5.5; Statsoft) using either two-way ANOVAs or three-way repeatedmeasures ANOVA (rmANOVA) using genotype and sex as the main variables and trial as the repeated measure when applicable. Post hoc planned comparisons were applied for significant effects and interactions. For detailed information and numerical statistical results, see Table 1 .
Morris water maze. The Morris water maze task was conducted essentially as described previously (Powell et al., 2004; Tabuchi et al., 2007) . Briefly, a white, circular pool 1.2 m in diameter was filled with water (22 Ϯ 1 C) made opaque with nontoxic, "gothic white" liquid tempera paint, and a circular platform (10 cm in diameter) was submerged ϳ1 cm beneath the surface of the water. The testing room was well lit and filled with a number of extramaze cues. Training was conducted over 9 consecutive days with four trials/d using an intertrial interval of 1-1.5 min. Mice were placed pseudorandomly into each of four starting locations for each of four daily training trials. In each trial, mice swam until they found the hidden platform or were guided to it by the experimenter if not found within 60 s. Mice remained on the platform for 15 s before being removed to the home cage. Daily data were averaged across the four trials. A probe trial was conducted on day 10; the hidden platform was removed, and mice were placed in the pool and allowed to swim for 60 s. For reversal water maze training, training resumed the day after the probe trial for 5 d with the platform in the opposite quadrant of the maze; on day 6 after reversal, a second probe trial was administered. Data were analyzed using three-way rmANOVA with genotype and sex as betweensubject factors and trial days as a within-subject factor for training. For probe trials, quadrant or platform location was used as the within-subject factor.
Accelerating rotarod. Coordination and motor learning were tested using a rotarod essentially as described previously (Powell et al., 2004) . Mice were placed on a stationary rotarod (IITC Life Sciences) in a well lit room that was then activated and accelerated from 0 to 45 revolutions/ min over 5 min. The latency for mice to fall off the rod or take one revolution was measured. Trials were repeated four times with intertrial intervals of 30 min over a single day. Data were analyzed using three-way rmANOVA with genotype and sex as between-subject factors and trials as a within-subject factor.
Hotplate sensitivity. This test was performed as described previously (Powell et al., 2004; Blundell et al., 2010b) . Mice were placed on a black, anodized plate that was held at a constant temperature of 52°C (IITC Life Sciences model 39 hotplate) covered with a Plexiglas enclosure. Mice were removed after the first hindpaw lick or after 30 s if no response was elicited. The plate was cleaned with water between mice and allowed to return to temperature. Data were analyzed using two-way ANOVA with genotype and sex as between-subject factors.
Nesting. Nesting behavior was performed in a well lit (ϳ80 lux) room by first habituating the mouse to a novel home cage with ϳ1.5 cm of bedding for 15 min, and then a cotton nestlet (5.5 ϫ 5.5 ϫ 0.5 cm) was put in the cage. Height and width of the nests were measured at 30, 60, and 90 min (Etherton et al., 2009 ). Data were analyzed using two-way ANOVA with genotype and sex as between-subject factors.
Marble burying. As described previously (Blundell et al., 2010b) , 20 marbles were evenly placed around the edges of a novel home cage with 5 cm of bedding, and mice were given 30 min in the cage. After 30 min, the For ANOVAs, between-subjects factors are generally sex and genotype, with repeated measures (day, time, or trial). F (x, y ) , F ratio statistic is used to determine whether the variances in two independent samples are equal; x, y are degrees of freedom. Degrees of freedom is a measure of the number of independent pieces of information on which the precision of a parameter estimate is based. x, Number of groups Ϫ 1; y, number of animals per group Ϫ 1, multiplied by the number of groups.
number of marbles buried was recorded. A marble was defined as buried when Ͻ25% of the marble was visible. The test room was well lit (ϳ80 lux). Data were analyzed using two-way ANOVA with genotype and sex as between-subject factors. Dark/light. The dark/light test was performed as described previously (Powell et al., 2004) . Briefly, the dark/light apparatus consisted of two chambers (each chamber was 25 ϫ 26 cm), one brightly lit (ϳ2900 lux) and the other kept dark with a small door (7 ϫ 7 cm) separating the two. Mice were habituated for 2 min in the dark side, the door was opened, and then mice were allowed to move freely between the two sides for 10 min. Time spent in and the number of entries into each side were measured along with locomotor activity using photobeams monitored by Med PC IV data acquisition software. Data were analyzed using two-way ANOVA with genotype and sex as between-subject factors.
Elevated plus maze. Mice were placed in the center of a white Plexiglas elevated plus maze (each arm was 33 cm long and 5 cm wide, with 15-cm-high black Plexiglas walls on closed arms) and allowed to explore for 5 min (Powell et al., 2004) . The test was conducted in dim white light (ϳ7 lux). Mice were monitored using CleverSys TopScan Software, and time spent in and entries into the open and closed arms were measured. Data were analyzed using two-way ANOVA with genotype and sex as between-subject factors.
Open field. The open-field test was performed as described previously (Powell et al., 2004; Blundell et al., 2009) , with the exception of the data acquisition software. Mice were monitored using CleverSys TopScan Software after being placed in a white plastic arena (48 ϫ 48 ϫ 48 cm) for 10 min. Time spent in and number of entries into the center of the arena (15 ϫ 15 cm) were recorded in addition to locomotor activity. The test was conducted in dim white light (ϳ7 lux). Data were analyzed using two-way ANOVA with genotype and sex as between-subject factors.
Locomotor. Locomotor activity was tested by placing the mice in a fresh home cage with minimal bedding and monitoring their activity for 2 h using photobeams linked to computer data acquisition software (San Diego Instruments; Powell et al., 2004) . The test was conducted in the dark. Three-way rmANOVA was used to analyze the data with genotype and sex as between-subject factors and time as a within-subject factor.
Three-chambered social approach. Social versus inanimate object preference and preference for social novelty analyses were performed in a three-chambered box with small openings connecting the chambers as described previously (Blundell et al., 2009 ) and based to a large extent on the original descriptions (Moy et al., 2004; Nadler et al., 2004) . The test was conducted in dim white light (ϳ7 lux). The mouse behavior was monitored using CleverSys TopScan Software. This test consisted of three 10-min trials. During the first trial, the mouse was allowed to explore the entire apparatus with empty cages in each end-chamber. In the second trial, the mouse was free to choose between an inanimate cage and a caged, social target. For the third trial, the mouse was free to choose between a caged, novel social target versus a caged, familiar social target. Locations of empty cages and social targets were counterbalanced, and mice were placed back into the home cage for very brief intervals between trials. Data were analyzed using three-way mixed ANOVA with genotype and sex as between-subject factors and target as a within-subject factor.
Social learning. Social interaction with a juvenile and social learning were performed as described previously (Kwon et al., 2006) . Mice were first habituated to a dimly lit testing room (ϳ7 lux) for 20 min. After the habituation period, an experimental adult mouse and a juvenile target were placed together in a fresh home cage with no bedding. Time spent interacting with the juvenile was recorded live by an observer blind to genotype for 2 min. After 3 d, the above procedure was repeated to assess social learning. Data were analyzed using three-way mixed ANOVA with genotype and sex as between-subject factors and test session as a withinsubject factor.
Prepulse inhibition and startle. As described previously (Blundell et al., 2010a) , startle chambers (San Diego Instruments) were modified for mice and mounted atop a piezoelectric accelerometer that detected and transduced animal movements. Acoustic stimuli were delivered by highfrequency speakers mounted 33 cm above the cylinders. Animal movements were digitized and stored using computer software supplied by San Diego Instruments. From the onset of startle stimuli, 65 1-ms readings were recorded, and the amplitude of the startle responses was obtained in arbitrary units. Chambers were calibrated before each set of mice, and sound levels were monitored using a sound meter (Tandy). For prepulse inhibition (PPI), mice were subjected to five trial types in a 22 min session: pulse alone (40 ms, 120 dB, white noise pulse), three different prepulse/pulse trials (20 ms prepulse of 4, 8, or 16 dB above background noise level of 70 dB preceded the 120 dB pulse by 100 ms onset-onset interval), and no stimulus. All trials were presented pseudorandomly with an average of 15 s (7-23 s) between the 62 trials. Testing began with a 5 min acclimation to the cylinders, followed by four blocks of test trials. The first and last blocks consisted of six pulse-alone trials. Blocks 2 and 3 each contained six pulse-alone trials, five of each level of prepulse/pulse trials, and five no-stimulus trials. Data were analyzed for baseline startle amplitude (initial pulse-alone trials) and PPI (percentage decrease in startle amplitude for prepulse/pulse trials compared with pulse-alone trials).
For the startle reactivity test, eight presentations of six trial types were given in pseudorandom order: no stimulus, 80, 90, 100, 110, or 120 dB pulses. Mean startle amplitudes for each condition were calculated. Data were analyzed using three-way mixed ANOVA with genotype and sex as between-subject factors and trial as a within-subject factor.
Grooming. Mice were placed in a novel home cage without the bedding, and time spent grooming the face, head, or body was measured for 10 min. Number of grooming bouts that lasted Ͼ1 s was also recorded. Time per bout was calculated by dividing the total time spent grooming by the number of grooming bouts initiated. Each grooming parameter described above was then analyzed using a two-way ANOVA with genotype and sex as between-subject factors.
USV. The male adult mouse was placed in a sound-attenuated (11.5 ϫ 11.5 ϫ 11.5 inches) chamber with an estrous female mouse and allowed to freely interact for 5 min while recording USV calls (Scattoni et al., 2010) . The chamber was cleaned between trials. The Ultrasound Microphone (Avisoft UltraSoundGate condenser microphone CM16/CMPA; Avisoft Bioacoustics) was set up to record from a range of 10 -200 kHz. The microphone was placed ϳ5 inches above the floor through a hole in the back wall of the chamber. The recording software was set at default settings with a 250 kHz sampling rate, 16 bit format with a 32 ms buffer. To analyze the calls, the sound file was then converted to a spectrogram using the Avisoft SASLab Pro software. To reduce background noise, 25 kHz was set as a lower cutoff frequency. The analysis involved counting of calls and finding latency to first call. Data were analyzed using one-way ANOVA with genotype as a between-subject factor.
Electrophysiology. Male mice were briefly anesthetized with isoflurane (Baxter Healthcare Corporation) and rapidly decapitated. Brains were quickly removed and submerged in ice-cold modified ACSF containing in the following (in mM): 75 sucrose, 87 NaCl, 3 KCl, 1.25 NaH 2 PO 4 , 7 MgSO 4 , 26 NaHCO 3 , 20 dextrose, and 0.5 CaCl 2 . Acute hippocampal slices 350 -400 m thick were made using a vibrating microtome (Vibratome). A cut was made between CA3 and CA1 to reduce recurrent excitation of CA3 neurons. Slices were allowed to recover at 33°C for 30 min in normal ACSF (in mM: 124 NaCl, 5 KCl, 1.25 NaH 2 PO 4 , 1 MgCl 2 , 26 NaHCO 3 , 10 dextrose, and 2 CaCl 2 ) and slowly cooled to room temperature over a 45 min period before recording. All solutions were pH 7.4 and saturated with 95% O 2 /5% CO 2 .
All recordings were performed at 33 Ϯ 0.5°C, and all data were collected using Clampex (pClamp software suite version 10.2; Molecular Devices). Recordings were filtered at 1 kHz and digitized at 10 kHz. CA3-CA1 synapses were stimulated by a 100 s biphasic pulse through a monopolar tungsten microelectrode (FHC) placed 400 -500 m laterally from the recording electrode. The distance between the recording electrode and the stimulating electrode was kept constant within these bounds. For extracellular electrophysiology. the recording electrode (1-3 M⍀) was filled with normal ACSF and placed in the stratum radiatium using a SZX7 dissecting microscope (Olympus) at 35ϫ magnification. For whole-cell electrophysiology, the recording electrode (4 -6 M⍀) contained the following (in mM): 110 Cs-methanesulfonate, 15 CsCl, 8 NaCl, 10 tetraethylammonium-Cl, 2 EGTA, 10 HEPES, 3 N-(2,6-dimethylphenylcarbamoylmethyl)triethylammonium chloride (QX-314), 2 ATP, and 0.3 GTP. CA1 neurons were visually selected under 80ϫ magnification using an AxioExaminer D1 differential interference contrast microscope (Zeiss).
The majority of experiments were performed on postnatal day 13 (P13) to P16 male mice, except long-term plasticity [long-term potentiation (LTP) and mGluR-long-term depression (LTD)] experiments, which were evaluated in young adult male mice (3-4 or 6 -8 weeks, as noted). Sample size for extracellular field recordings [input/output (I/O) curve, paired-pulse ratio (PPR), long-term plasticity] represents number of slices tested with one to two slices used per mouse. Response size was determined by fitting a straight line to the initial slope (10 -40%) of the field EPSP (fEPSP) using automated analysis in Clampfit (pClamp software suite version 10.2; Molecular Devices). For studies of LTP and PPR, stimulus intensity was set to generate ϳ50% of the maximum fEPSP, as determined by the I/O curve. Stimulus intensity was set at 75-85% of the maximum fEPSP for mGluR-LTD experiments. I/O curves were performed in each slice immediately preceding each field recording, and stimulus intensity remained unchanged thereafter for the duration of the experiment.
Whole-cell patch-clamp recordings were performed in the presence of 100 M picrotoxin to block fast inhibitory transmission and began 5-10 min (NMDA/AMPA ratio) or 10 -15 min [miniature EPSCs (mEPSCs)] after successful break-in. The NMDA/AMPA ratio was measured at 0.1 Hz and elicited no short-term plasticity. For primarily AMPA receptor (AMPAR)-mediated EPSCs, holding potential was Ϫ70 mV, and peak amplitude was measured 10 -15 ms after stimulus onset. For primarily NMDAR-mediated EPSCs, holding potential was ϩ40 mV, and peak amplitude was measured 40 -45 ms after stimulus onset. mEPSCs were recorded for 5 min at a holding potential of Ϫ65 mV in the presence of 1 M octahydro-12-(hydroxymethyl)-2-imino-5,9:7,10a-dimethano-10aH[1,3]dioxocino[6,5-d]pyrimidine-4,7,10,11,12-pentol tetrodotoxin [tetrodotoxin (TTX)] to block evoked transmission. Recordings were rejected if holding current or series resistance varied Ͼ25% during the recording. Sample size indicates total number of cells from no less than four mice per group. Raw data were analyzed using Clampfit (pClamp software suite version 10.2; Molecular Devices). GraphPad Prism was used for statistical analysis and graphing. Means are expressed as mean Ϯ SEM.
Histology. For histological studies, brains were dissected from 6-to 8-week-old mice and processed for Golgi-Cox staining with the FD Rapid GolgiStain Kit (FD Neurotechnologies). After live decapitation, brains were quickly removed and rinsed in double-distilled water and then immersed into impregnation solution, which was then replaced with fresh impregnation solution after 24 h and stored in the dark at room temperature (22-25°C). After 2 weeks, the brains were transferred to solution C and then shipped to FD Neurotechnologies within 48 h. Serial 100 m cryostat sections were cut coronally through the brain containing the hippocampus and mounted on glass slides. Twenty CA1 neurons from the dorsal hippocampus were selected from five mice per genotype (WT and Shank3 ⌬C/⌬C ). Neurons were traced using NeuroLucida 3D neuron tracing software (MicroBrightField) at 100ϫ magnification by an experimenter blind to experimental conditions. Sholl analysis was conducted using NeuroLucida 3D software to study dendritic branching by drawing concentric circles 30 m apart starting at 30 m from the center of the cell body. For spine density experiments, 30 m apical dendrite segments that did not have any interfering crossings were chosen at defined distances from the cell body (0 -30, 30 -60, 60 -90, and 90 -120 m). Data from the four neurons from each mouse were averaged together before statistical analysis. Data were analyzed using twoway mixed ANOVA with genotype as between-subject factor and distance from the cell body as a within-subject factor.
Drugs. TTX, picrotoxin, QX-314, and (RS)-3,5-dihydroxyphenylglycine (DHPG) were obtained from Tocris Bioscience. Cs-methanesulfonate and CsCl were obtained from Sigma-Aldrich. All other reagents were obtained from Thermo Fisher Scientific.
Results
Homozygous Shank3 mutation results in loss of major Shank3 isoforms
To quantify the loss of Shank3 in Shank3 ⌬C/⌬C mice compared with WT littermate controls, we performed quantitative Western blot analysis using antibodies directed against Shank3 C terminus (CЈ), N terminus (NЈ), and the SH3 domain (SH3) on hippocampal lysates from 5-to 6-month-old mice (n ϭ 7). Western blot analysis reveals that Shank3 ⌬C/⌬C mice have lost major Shank3 isoforms detected by the C-terminal, SH3 domain, and N-terminal antibodies [ Fig. 1A Figure 1C depicts longer representative Western blots with each of the three antibodies for reference.
In addition to Shank3, we also probed for Shank1, Shank2, and multiple other PSD proteins and receptors that bind directly or indirectly to Shank3 to identify any compensatory effects of Shank3 loss from hippocampal lysates. We did not observe any changes in levels of PSD proteins or synaptic receptor subunits in whole hippocampal homogenates (Fig. 1 D, 
E).
Homozygous Shank3 mutants exhibit increased mGluR5 in synaptic fractions
To determine the effects of a complete loss of Shank3 on the subcellular distribution of synaptic proteins, we isolated the synaptosome and postsynaptic density (PSDII) fractions of the hippocampus of Shank3 ⌬C/⌬C mice compared with WT littermate controls following established methods with modifications (Cohen et al., 1977) . As in the whole hippocampal lysates, we found dramatic loss of all three Shank3 isoforms in the synaptosome fractions [ Fig. 2A ; Shank3(NЈ): t (12) ϭ 5.514, p Ͻ 0.001; Shank3(CЈ): t (12) ϭ 7.929, p Ͻ 0.001; Shank3(SH3): t (12) ϭ 11.552, p Ͻ 0.001]. We also detected the presence of lowermolecular-weight (Ͻ100 kDa) isoforms of Shank3 in synaptosomes using the N-terminal antibody [ Fig. 2B ; Shank3(NЈ band 1): t (12) ϭ 5.417, p Ͻ 0.001; Shank3(NЈ band 2): t (12) ϭ 2.81256, p ϭ 0.016]. Similar loss of Shank3 isoforms was observed in the PSDII fractions [ Fig. 2C ; Shank3(NЈ): t (4) ϭ 9.82, p Ͻ 0.001; Shank3(CЈ): t (4) ϭ 3.575, p ϭ 0.023] along with the presence of lower-molecular-weight isoforms of Shank3 in PSDs [ Fig. 2D ; Shank3(NЈ band 1): t (4) ϭ 6.594, p ϭ 0.003; Shank3(NЈ band 2): t (4) ϭ 4.114, p ϭ 0.015] using the N-terminal antibody, suggesting that these lower-molecular-weight isoforms are present at hippocampal synapses.
In addition to Shank3, we analyzed the levels of synaptic proteins and receptors that are either directly or indirectly bound to Shank3 in the hippocampus. Strikingly, a significant increase in mGluR5 was seen in the synaptosome fraction ( Fig. 2A; t (12) ϭ 5.867, p Ͻ 0.001) and to an even greater extent in the PSDII fraction ( Fig. 2C ; t (4) ϭ 5.465, p ϭ 0.005), suggesting enhanced mGluR5 localization to hippocampal synapses. We found no significant differences in ionotropic glutamate receptor subunits (NMDA or AMPA) or in other scaffolding and linker proteins (Fig. 2 A, C ⌬C/⌬C mice were significantly impaired in spatial learning compared with WT littermate controls using latency to reach the hidden platform as a measure ( Fig. 3A ; three-way rmANOVA; main effect of genotype: F (1,32) ϭ 13.55, p Ͻ 0.001; main effect of day: F (7,224) ϭ 36.47, p Ͻ 0.000001; genotype ϫ day interaction: F (7,224) ϭ 2.54, p Ͻ 0.05; for complete statistical results for all experiments, see Table 1 ). The increased latency to reach the hidden platform in Shank3 ⌬C/⌬C mice was not accounted for by overall differences in swim speed during training ( Fig. 3B ; threeway rmANOVA; main effect of genotype: F (1,32) ϭ 0.5, p ϭ 0.48; main effect of day: F (7,224) ϭ 2.00, p ϭ 0.05; genotype ϫ day interaction: F (7,224) ϭ 0.92, p ϭ 0.48). Interestingly, there was a significant genotype ϫ sex interaction in swim speed (Table 1) . ANOVA results revealed that the Shank3 ⌬C/⌬C female group had significantly higher swim speed during training compared with WT females (genotype ϫ sex interaction; Table 1 ).
Not surprisingly, Shank3 ⌬C/⌬C mice also exhibited significantly decreased learning using distance traveled to reach the platform, a measure that eliminates swim speed as a confound ( Fig. 3C ; three-way rmANOVA; main effect of genotype: F (1,32) ϭ 17.41, p Ͻ 0.001; main effect of day: F (7,224) ϭ 41.61, p Ͻ 0.000001; genotype ϫ day interaction: F (7,224) ϭ 3.25, p Ͻ 0.005).
On the initial trials, Shank3
⌬C/⌬C and WT littermates spent the same amount of time in thigmotaxis (swimming near the maze walls). As the WT mice learned, they progressed to alternative search strategies, whereas the Shank3 ⌬C/⌬C mice were slower to shift to alternative search strategies from the initial thigmotaxic strategy ( Fig. 3D ; three-way rmANOVA; main effect of genotype: F (1,32) ϭ 7.62, p Ͻ 0.01; main effect of day: F (7,224) ϭ 75.09, p Ͻ 0.000001; genotype ϫ day interaction: F (7,224) ϭ 2.41, p Ͻ 0.05). These findings are consistent with a significant decrease in spatial learning in the Shank3 ⌬C/⌬C mice. Although Shank3 ⌬C/⌬C mice were slower to learn the water maze task, their spatial memory performance was only somewhat affected during the initial probe trial. Both WT and Shank3 ⌬C/⌬C mice showed a significant preference for the target quadrant compared with all three other quadrants [ Fig. 3E target platform location and corresponding locations in the other three quadrants. Using this measure, only the WT group demonstrated a significant preference for the target platform location compared with the three other corresponding locations ( Fig. 3F ; threeway rmANOVA; main effect of genotype: F (1,32) ϭ 0.01, p ϭ 0.91; main effect of quadrant: F (3,96) ϭ 13.00, p Ͻ 0.000001; genotype ϫ quadrant interaction: F (3,96) ϭ 2.13, p ϭ 0.10; planned comparisons for WT mice: TargetNW vs RightNE, p Ͻ 0.001; TargetNW vs LeftSW, p Ͻ 0.01; TargetNW vs OppositeSE, p Ͻ 0.0001; planned comparisons for Shank3 ⌬C/⌬C mice: TargetNW vs RightNE, p ϭ 0.08; TargetNW vs LeftSW, p ϭ 0.08; TargetNW vs OppositeSE, p ϭ 0.052). Statistical analysis also demonstrated a genotype ϫ sex interaction that, on closer analysis, suggests that the inability to show a preference for target platform location can be attributed to the Shank3 ⌬C/⌬C mutant males because, during the probe trial, they show a decrease in the number of platform location crosses (data not shown). Together, these data suggest that Shank3 ⌬C/⌬C mice are slower to learn a spatial strategy in the water maze compared with WT littermate controls.
To examine for both cognitive flexibility (Ozonoff and Jensen, 1999) and insistence on sameness (Schreibman, 1988; Greaves et al., 2006; Richler et al., 2007) as well as an additional test of spatial learning/memory, we performed a reversal learning experiment using the water maze, identifying additional evidence of significantly decreased spatial memory or cognitive inflexibility in Shank3 ⌬C/⌬C mice. The day after the first probe trial, mice were trained for 5 additional days with the hidden platform in the opposite quadrant. Interestingly, Shank3 ⌬C/⌬C mice showed no difference in acquisition of the reversal task using latency to reach the platform ( Fig. 3G ; three-way rmANOVA; main effect of genotype: F (1,32) ϭ 2.63, p ϭ 0.11; main effect of day: F (4,128) ϭ 8.05, p Ͻ 0.0009; genotype ϫ day interaction: F (4,128) ϭ 1.69, p ϭ 0.15). Likewise, no differences were observed in swim speed ( Fig. 3H ; three-way rmANOVA; main effect of genotype: F (1,32) ϭ 0.006, p ϭ 0.93; main effect of day: F (4,128) ϭ 1.08, p ϭ 0.36; sex ϫ genotype interaction: F (1,32) ϭ 3.05, p ϭ 0.09; genotype ϫ day interaction: F (4,128) ϭ 0.68, p ϭ 0.60), distance traveled to reach the platform ( Fig. 3I ; three-way rmANOVA; main effect of genotype: F (1,32) ϭ 2.08, p ϭ 0.15; main effect of day: F (4,128) ϭ 4.99, p Ͻ 0.0009; genotype ϫ day interaction: F (4,128) ϭ 2.64, p Ͻ 0.05), or the time spent in thigmotaxis ( Fig. 3J ; three-way rmANOVA; main effect of genotype: F (1,32) ϭ 2.29, p ϭ 0.13; main effect of day: F (4,128) ϭ 1.50, p ϭ 0.20; genotype ϫ day interaction: F (4,128) ϭ 0.57, p ϭ 0.68).
However, on the probe trial, Shank3 ⌬C/⌬C mice failed to show any preference for the new target location, whereas WT littermates showed a clear preference for the target quadrant compared with all other quadrants ( Fig. 3K; ⌬C/⌬C mice take longer to reach the submerged platform. B, Swim speed on successive water maze training days. The average swim speed was unchanged in Shank3 ⌬C/⌬C mice. C, Distance traveled before reaching the hidden platform on successive water maze training days. Shank3 ⌬C/⌬C mice travel a more circuitous route (longer distance) before reaching the submerged platform. D, Percentage time spent in thigmotaxis on successive water maze training days. E, Time spent in target quadrant and other quadrants during probe trial in which target platform is removed. Shank3 ⌬C/⌬C mice spend more time in the target quadrant versus other quadrants but less time in target quadrant compared with littermate controls. F, Number of target location crossings and corresponding phantom platform location crossings in other quadrants during the probe trial. Shank3 ⌬C/⌬C mice fail to show a preference for the target platform location. G-J, Training trials for the Morris water maze reversal task. No differences were observed during training for the Morris water maze reversal learning task in latency to platform (G), mean swim speed (H ), distance traveled (I ), or thigmotaxis (J ). K, On the probe trial for the Morris water maze reversal task, Shank3 ⌬C/⌬C mice failed to show preference for the target quadrant and spent equal time in all four quadrants. L, On the probe trial for the Morris water maze reversal task, Shank3 ⌬C/⌬C mice did not show preference for the target platform location (n ϭ 18 in all panels, data depicted as average Ϯ SEM, *p Ͻ 0.05).
F (3,96) ϭ 1.98, p ϭ 0.12; planned comparisons for WT mice: TargetSE vs RightNE, p Ͻ 0.05; TargetSE vs LeftSW, p Ͻ 0.01; TargetSE vs OppositeNW, p Ͻ 0.01; planned comparisons for Shank3 ⌬C/⌬C mice: TargetSE vs RightNE, p ϭ 0.66; TargetSE vs LeftSW, p ϭ 0.20; TargetSE vs OppositeNW, p ϭ 0.68). These data are consistent with decreased spatial learning and memory and may or may not represent additional difficulties with cognitive flexibility or behavioral inflexibility. To test basic visual function and comprehension of the task, we measured latency and distance traveled to reach a visible cue atop the platform in the water maze. No significant differences were observed, but there was a trend toward increased latency and distance traveled to reach the visible cue.
Homozygous Shank3 mutants have impaired motor coordination
Shank3
⌬C/⌬C mice exhibit impaired coordination on the accelerating rotarod. Shank3 ⌬C/⌬C mice had consistently decreased latencies to fall from the rotarod apparatus, although they demonstrated the same rate of motor learning indicated by improvement in their ability over subsequent trials ( Fig. 4A ; three-way rmANOVA; main effect of sex: F (1,34) ϭ 7.17, p Ͻ 0.02; main effect of genotype: F (1,34) ϭ 6.95, p Ͻ 0.02; main effect of trial: F (7,238) ϭ 11.71, p Ͻ 0.000001; sex ϫ genotype interaction: F (1,34) ϭ 0.45, p ϭ 0.50; sex ϫ trial interaction: F (7,238) ϭ 0.51, p ϭ 0.82; genotype ϫ trial: F (7,238) ϭ 1.60, p ϭ 0.13; sex ϫ genotype ϫ trial interaction: F (7,238) ϭ 1.88, p ϭ 0.07). Interestingly, in addi- ⌬C/⌬C mice exhibit impairments in other behavioral tasks. A, Latency to fall from or to go one full revolution on the rotarod task. Shank3 ⌬C/⌬C mice exhibit motor coordination impairments in eight trials of rotarod test conducted over 2 d (n ϭ 19). Legend in A applies to C and I. B, Latency to lick hindpaw on the hotplate task. Shank3 ⌬C/⌬C mice show hypersensitivity to heat on a hotplate (n ϭ 18). Legend in B applies to D-H and J-L. C, Width of nest built as a function of time in a nest-building task. Shank3 ⌬C/⌬C mice exhibit impairments in nest-building behavior over a 90 min period (n ϭ 19). D, Number of marbles buried during a 30 min marble-burying task. Shank3 ⌬C/⌬C mice show impaired marble burying behavior (n ϭ 19). E, Time spent in dark and light chambers during dark/light task. Shank3 ⌬C/⌬C mice spend more time in the dark than littermate controls (n ϭ 19). F, Latency to enter the light chamber in the dark/light task. Shank3 tion to the main effect of genotype, there was also a gender difference in performance that appeared to be attributable to the WT females because they were able to stay on the rotarod longer than the WT males (planned comparisons: females, WT vs Shank3 ⌬C/⌬C , p Ͻ 0.05; males, WT vs Shank3 ⌬C/⌬C , p ϭ 0.162; WT, males vs females, p Ͻ 0.05; Shank3 ⌬C/⌬C , males vs females, p ϭ 0.164).
Shank3 mutant mice are hypersensitive in the hotplate task Some patients with Phelan-McDermid syndrome or 22q13 deletion syndrome are anecdotally said to have increased pain tolerance. Therefore, we tested the sensitivity of Shank3 ⌬C/⌬C mice to pain by testing the latency to lick the hindpaw on the hotplate task and found that it was decreased, suggesting a hypersensitivity to heat ( Fig. 4B ; two-way ANOVA; main effect of genotype: F (1,32) ϭ 4.38, p Ͻ 0.05).
Shank3 mutant mice exhibit an avoidance phenotype toward inanimate objects In attempts to measure nest building, marble burying, and other tasks, we uncovered an interesting avoidance of inanimate objects in the Shank3 ⌬C/⌬C mice. When we measured nest building by adding a nestlet to a novel cage after a habituation period, we found that Shank3 ⌬C/⌬C mice showed essentially no change in their nestlets, whereas WT littermates readily made nests from the material ( Fig. 4C ; three-way rmANOVA; main effect of genotype: F (1,34) ϭ 17.06, p Ͻ 0.001; main effect of time: F (2,68) ϭ 7.60, p Ͻ 0.01; genotype ϫ time interaction: F (2,68) ϭ 6.00, p Ͻ 0.004). At first, we interpreted this as deficient nest building, but later tasks revealed a potential alternative explanation.
Surprisingly, similar avoidance behavior was observed in the marble-burying task. Shank3 ⌬C/⌬C mice showed little to no interest in burying marbles ( Fig. 4D ; two-way ANOVA; main effect of genotype: F (1,34) ϭ 58.20, p Ͻ 0.000001). In many instances, it appeared as if Shank3 ⌬C/⌬C mice did not even touch or walk over the marbles because they appeared completely undisturbed. A potentially related phenotype was observed in the three-chamber social interaction task wherein the Shank3 ⌬C/⌬C mice interacted significantly less with the inanimate object than WT littermate controls (see below and Fig. 5B) .
We also tested Shank3 ⌬C/⌬C mice in anxiety behaviors and found that these mice show a remarkable increase in avoidance of the brightly lit chamber in the dark/light task. Shank3 ⌬C/⌬C mice spent almost the entire 10 min of this task in the dark chamber, virtually completely avoiding the brightly lit chamber ( Fig. 4E ; time spent in dark side, two-way ANOVA; main effect of genotype: F (1,34) ϭ 29.06, p Ͻ 0.00006; time spent in light side, twoway ANOVA; main effect of genotype: F (1,34) ϭ 29.06, p Ͻ 0.00006). This avoidance behavior is also evident by the increased latency to enter the brightly lit side of the box ( Fig. 4F ; two-way ANOVA; main effect of genotype: F (1,34) ϭ 21.08, p Ͻ 0.00006). Such behavior in this task is typically interpreted as an increase in anxiety-like behavior. To differentiate between increased anxiety-like behavior versus avoidance behavior, we tested Shank3 ⌬C/⌬C mice in two other standard tests for anxiety: elevated plus maze and open field. We did not observe an increase in anxiety-related behavior in the elevated plus maze because Shank3 ⌬C/⌬C mice and their WT littermate counterparts spent equal time in the open arms ( Fig. 4G ; two-way ANOVA; main effect of genotype: F (1,32) ϭ 0.12, p ϭ 0.73). Similarly, no anxietylike phenotype was observed in the open-field task because the Shank3 ⌬C/⌬C mice spent the same amount of time in the center as their WT littermates ( Fig. 4H ; two-way ANOVA; main effect of genotype: F (1,34) ϭ 0.003, p ϭ 0.95). Thus, it appears that Shank3 ⌬C/⌬C mice do not have an anxiety phenotype but demonstrate avoidance behavior in multiple tasks, including avoiding the brightly lit chamber in the dark/light box test.
Shank3 mutant mice exhibit aberrant locomotor activity in response to novelty Curiously, in some tasks, but not others, Shank3
⌬C/⌬C mice demonstrated decreased locomotor activity that can be interpreted as a transiently decreased locomotor response to novel situations. At first glance, when examining locomotor activity over 2 h in a novel home cage, Shank3 ⌬C/⌬C mice demonstrated completely normal locomotor activity ( Fig. 4I ; three-way rmANOVA; main effect of genotype: F (1,34) ϭ 0.49, p ϭ 0.48; main effect of trial: F (7,782) ϭ 41.30, p Ͻ 0.000001; genotype ϫ trial: F (7,782) ϭ 1.21, p ϭ 0.22). For the first 5 min in this novel home cage situation, however, the Shank3 ⌬C/⌬C mice showed a significant decrease in locomotor activity that reverted to the WT level rapidly thereafter ( Fig. 4J ; two-way ANOVA; main effect of genotype: F (1,34) ϭ 4.43, p Ͻ 0.05). Along the same lines, distance traveled in the novel open-field arena over 10 min was decreased in Shank3 ⌬C/⌬C mice ( Fig. 4K ; two-way ANOVA; main effect of genotype: F (1,34) ϭ 23.54, p Ͻ 0.00003), and total number of photobeams interrupted during the 10 min in the dark/light chamber was decreased in Shank3 ⌬C/⌬C mice ( Fig. 4L ; two-way ANOVA; main effect of genotype: F (1,34) ϭ 35.60, p Ͻ 0.000002). We interpret these data overall as a decrease in locomotor response to novel environments that reverts rapidly to WT levels.
Shank3 mutant mice exhibit minimal social interaction deficits
Social interaction deficits are one of the three characteristic features of autism (Schreibman, 1988; Mahjouri and Lord, 2012 ). Therefore, we tested social behaviors in Shank3 ⌬C/⌬C mice in two separate tasks. Much like their WT littermate pairs, Shank3 ⌬C/⌬C mice showed no a priori preference for either side in the threechambered social interaction box before introduction of a social target ( Fig. 5A ; three-way rmANOVA: main effect of genotype: F (1,30) ϭ 1.23, p ϭ 0.27; main effect of target: F (1,30) ϭ 0.01, p ϭ 0.90; genotype ϫ target interaction: F (1,30) ϭ 0.06, p ϭ 0.80). Similarly, in the test for social versus inanimate preference, both WT and Shank3 ⌬C/⌬C spent more time interacting with the social target ( Fig. 5B ; three-way rmANOVA: main effect of genotype: F (1,30) ϭ 2.95, p ϭ 0.09; main effect of target: F (1,30) ϭ 20.81, p Ͻ 0.0001; genotype ϫ target interaction: F (1,30) ϭ 0.36, p ϭ 0.54; planned comparisons, social vs inanimate: WT, p Ͻ 0.01; Shank3 ⌬C/⌬C , p Ͻ 0.001). However, in the test of preference for social novelty versus familiarity, Shank3 ⌬C/⌬C mice showed no preference for social novelty, unlike their WT littermate pairs ( Fig. 5C ; three-way rmANOVA: main effect of genotype: F (1,30) ϭ 0.56, p ϭ 0.45; main effect of target: F (1,30) ϭ 4.16, p ϭ 0.05; genotype ϫ target interaction: F (1,30) ϭ 1.68, p ϭ 0.20; planned comparisons for WT mice: social vs inanimate, p Ͻ 0.05; planned comparisons for Shank3 ⌬C/⌬C mice: social vs inanimate, p ϭ 0.23).
No differences were observed in either social interaction or social learning during reciprocal social interaction with a juvenile ( Fig. 5D ; three-way rmANOVA; main effect of genotype: F (1, 32) Shank3 mutant mice exhibit normal startle response and PPI SHANK3 and other autism genes are implicated in schizophrenia (Burbach and van der Zwaag, 2009; Gauthier et al., 2009 Gauthier et al., , 2010 Verpelli et al., 2012 ). Thus, we tested Shank3 ⌬C/⌬C mice for PPI deficits and auditory startle responses. We observed no differences in the auditory startle response at the tested sound levels ( Fig. 5E ; three-way rmANOVA; main effect of genotype: F (1,32) ϭ 0.008, p ϭ 0.92; main effect of trial: F (5,160) ϭ 34.95, p Ͻ 0.0001; genotype ϫ decibel interaction: F (5,160) ϭ 0.03, p ϭ 0.99). Similarly, there was no difference in PPI between the WT and Shank3 ⌬C/⌬C mice ( Fig. 5F ; three-way rmANOVA; main effect of genotype: F (1,34) ϭ 3.06, p ϭ 0.08; main effect of trial: F (2,64) ϭ 54.86, p Ͻ 0.0001; genotype ϫ trial interaction: F (2,64) ϭ 0.20, p ϭ 0.81). We did observe a significant interaction between sex and genotype, and additional analysis revealed that the Shank3 ⌬C/⌬C female mice show less PPI than Shank3 ⌬C/⌬C males or WT females (data not shown; for detailed statistics, see Table 1 ).
Older, but not younger, Shank3 mutant mice exhibit increased grooming We characterized grooming behavior in Shank3 ⌬C/⌬C , as a measure of the repetitive stereotyped behavior core symptom domain of autism. When tested at a younger age (9 -18 weeks old), Shank3 ⌬C/⌬C mice did not exhibit an increase in total time spent grooming ( Fig. 5G ; two-way ANOVA; main effect of genotype: F (1,34) ϭ 0.36, p ϭ 0.54). Similarly, no difference was observed in the time spent per grooming bout ( Fig. 5H ; two-way ANOVA; main effect of genotype: F (1,34) ϭ 0.44, p ϭ 0.50).
However, when grooming was tested in older mice (10 -13 months old), Shank3 ⌬C/⌬C mutants exhibited a significant increase in grooming when compared with WT ( Fig. 5I ; two-way ANOVA; main effect of genotype: F (1,28) ϭ 4.69, p Ͻ 0.04). The older Shank3
⌬C/⌬C mutants also showed an increase in time spent per grooming bout ( Fig. 5J ; two-way ANOVA; main effect of genotype: F (1,28) ϭ 6.00, p Ͻ 0.03). ⌬C/⌬C mice were allowed to explore a three-chambered apparatus and showed no initial preference for either end of the box (n ϭ 17). Legend in A applies to B-D and F. B, In the second trial when given a choice between social or inanimate target, both WT and Shank3 ⌬C/⌬C mice show a preference for a caged social target versus inanimate object. However, Shank3 ⌬C/⌬C mice avoided the inanimate object and spend less time sniffing it than the WT group (n ϭ 17). C, In the third trial, when given a choice between novel social target versus a familiar social target, Shank3 ⌬C/⌬C mice failed to show a preference for the novel social target, unlike their WT littermate pairs (n ϭ 17). D, Shank3 ⌬C/⌬C mice show normal social interaction with a juvenile conspecific mouse and, when presented with the same mouse 3 d later, exhibit normal social memory (n ϭ 18).
Shank3
⌬C/⌬C mice exhibit normal response to startle (E) and show no deficits in PPI (E; n ϭ 18). Shank3 ⌬C/⌬C mice show no change in total time spent in repetitive grooming behavior (G) or in time spent grooming per bout (H; n ϭ 19). However, when tested at an older age, Shank3 ⌬C/⌬C mice show a significant increase in overall time spent grooming (I ) and time spent grooming per bout (J; n ϭ 16). Error bars represent SEM, *p Ͻ 0.05.
Shank3 mutant mice do not exhibit communication deficits
Communication deficits are also a hallmark of autism. To test communication, adult Shank3 ⌬C/⌬C mutant males were allowed to mate with free-roaming estrous females, and their USVs were recorded. No differences were observed in the latency to emit the first call or the total number of calls emitted in a 5 min recording period (data not shown; for statistical analysis, see Table 1 ).
Shank3 mutant mice are impaired in hippocampal synaptic transmission and plasticity Because Shank3 ⌬C/⌬C mice exhibited significant deficits in hippocampus-dependent spatial learning, we examined long-term synaptic plasticity in the hippocampus. Extracellular "field" recordings made in the CA1 region of the hippocampus revealed a deficit in long-term plasticity (Fig. 6 ) that is consistent with the spatial learning deficits in Shank3 ⌬C/⌬C mice. LTP was significantly impaired in Shank3 ⌬C/⌬C mice compared with WT mice at 55-60 min after a 100 Hz, 1 s conditioning stimulus ( Fig. 6A ; WT, 127.2 Ϯ 3.64%, n ϭ 8 vs Shank3
⌬C/⌬C , 112.1 Ϯ 4.08%, n ϭ 6; t (12) ϭ 2.753, p ϭ 0.018).
Shank3 also binds indirectly to group 1 mGluRs through interactions with Homer at the C-terminus proline-rich region . Specifically, Shank3 has been shown to regulate mGluR5 signaling in hippocampal neuronal cultures, and knockdown of Shank3 in cultured neurons causes a decrease in mGluR5 signaling and mEPSC frequency (Verpelli et al., 2011) . However, in our Shank3 ⌬C/⌬C homozygous mice, we identified a significant increase in mGluR5 in synaptosome and PSDII fractions ( Fig.  2A,C) .
To determine whether mGluR5 signaling is altered in Shank3 ⌬C/⌬C mice, we first induced mGluR-LTD using a 5 min bath application of the group I mGluR agonist DHPG (100 M) in 6-to 8-week-old mice. DHPG was used no more than 10 d after stock was prepared, and LTD experiments were performed with the experimenter blind to genotype and in an interleaved manner (alternating WT and mutant experiments) with no more than two slices per mouse. At 55-60 min after washout began (Fig. 6B) , we found that modest LTD was induced in WT mice (90.36 Ϯ 5.73%, n ϭ 9) and in Shank3 ⌬C/⌬C mice (80.24 Ϯ 5.84%, n ϭ 7), but no difference in percentage LTD between WT and Shank3 ⌬C/⌬C mice was observed (t (18) ϭ 0.996, p ϭ 0.243). To optimize expression of mGluR-LTD, we repeated the experiment in 3-to 4-week-old mice with a 10 min bath application of DHPG (Fig. 6C) . With a larger sample size and doubling of DHPG application time, we again found no difference in mGluR-LTD between Shank3 ⌬C/⌬C mice and WT controls (WT, 87.38 Ϯ 4.14%, n ϭ 9 vs Shank3 ⌬C/⌬C , 78.67 Ϯ 7.12%, n ϭ 11; t (14) ϭ 1.219, p ϭ 0.332).
Because long-term plasticity is dependent on proper function of glutamatergic AMPARs and NMDARs and because Shank3 is known to interact indirectly with both types of receptors (Naisbitt et al., 1999; Uchino et al., 2006; Arons et al., 2012) , we hypothesized that the relative contributions of AMPARs and NMDARs to the EPSC would be altered in Shank3 ⌬C/⌬C mice. As predicted, there was a significant decrease in the NMDA/AMPA ratio in Shank3 ⌬C/⌬C compared with WT mice ( Fig. 7A ; WT, 0.91 Ϯ 0.12, n ϭ 22 vs Shank3 ⌬C/⌬C , 0.62 Ϯ 0.06, n ϭ 25; t (45) ϭ 2.129, p ϭ 0.039).
In an effort to determine whether the decreased NMDA/ AMPA ratio was attributable to decreased NMDAR-mediated synaptic transmission or to increased AMPAR-mediated transmission, we examined the amplitude of spontaneous mEPSCs that primarily reflect AMPAR-mediated responses at individual synapses. Consistent with the NMDA/AMPA ratio decrease being attributable to decreased NMDAR-mediated responses, cumulative frequency of mEPSC amplitudes was not different in Shank3
⌬C/⌬C mice compared with WT ( Fig. 7B ; KolmagorovSmirnov two-sample test, p Ͼ 0.1). Similarly, mean mEPSC amplitude was not affected by Shank3 deletion (Fig. 7C ; WT, However, the frequency of mEPSCs was significantly decreased in Shank3 ⌬C/⌬C mice compared with WT ( Fig. 7D ; WT, 1.16 Ϯ 0.11 Hz, n ϭ 15 vs Shank3 ⌬C/⌬C , 0.74 Ϯ 0.09 Hz, n ϭ 22; t (35) ϭ 2.971, p ϭ 0.005). A decrease in mEPSC frequency can be attributable to a decrease in presynaptic evoked release probability (P r ), decreased synapse number, decreased synaptic release sites, or a selective decrease in spontaneous P r . To distinguish among these possibilities, we examined both paired pulse ratios (PPRs) and baseline synaptic strength via input/output (I/O) curves. Alterations in PPRs often accompany changes in presynaptic P r (Zucker and Regehr, 2002; Lauri et al., 2007; Regehr, 2012 ), but we identified no changes in PPR using a broad range of interstimulus intervals (50 -500 ms) in Shank3 ⌬C/⌬C mice compared with WT littermate controls ( Fig. 7E; ⌬C/⌬C mice in the relationship between stimulus intensity and fiber volley amplitude (inset), suggesting no change in presynaptic axonal excitability (two-way rmANOVA; intensity: F (10,280) ϭ 65.97, p Ͻ 0.0001; genotype: F (2,28) ϭ 0.427, p ϭ 0.656; intensity ϫ genotype: F (20, 280) ϭ 0.936, p ϭ 0.542). These alterations in spontaneous and evoked synaptic transmission without changes in mEPSC amplitude suggest a possible decrease in the number of functional CA3-CA1 synapses to account for decreased LTP in Shank3 ⌬C/⌬C mice.
To determine whether a change in the number of structural synaptic spines is contributing to functional deficits in synaptic transmission and plasticity, we used Golgi-Cox staining and histology to see whether CA1 pyramidal neuron morphology is altered in the Shank3 ⌬C/⌬C mice. No differences were observed in dendritic complexity of the WT and Shank3 ⌬C/⌬C mice ( Fig. 8A ; two-way rmANOVA; main effect of genotype: F (1,8) ϭ 0.75, p ϭ 0.41; main effect of distance from cell body: F (9,74) ϭ 58.82, p Ͻ 0.0001; genotype ϫ distance interaction: F (9,74) ϭ 0.57, p ϭ 0.81). Furthermore, no differences were observed in spine density between WT and Shank3 ⌬C/⌬C mice (Fig. 8 B, C; rmANOVA; main effect of genotype: F (1,8) ϭ 1.01, p ϭ 0.34; main effect of distance from cell body: F (3,24) ϭ 32.91, p Ͻ 0.0001; genotype ϫ distance interaction: F (3,24) ϭ 0.70, p ϭ 0.56). These findings were repeated in a separate cohort of mice at the younger age of P13-P17 as well to better correspond to the age at which the electrophysiological alteration in mEPSC frequency was observed. In P13-P17 mice, we again found no significant difference in spine density between WT and Shank3 ⌬C/⌬C mice (data not shown). Therefore, changes in structural synaptic spine number do not appear to account for alterations in synaptic transmission and plasticity in Shank3 ⌬C/⌬C mice. However, it is possible that a more subtle difference in spine density exists that we may be underpowered to detect.
Discussion
Role of Shank3 in hippocampus-dependent learning and memory and synaptic transmission
We have identified multiple abnormalities in hippocampus function in a mouse model lacking major naturally occurring isoforms of Shank3. These mice exhibit decreased NMDARmediated synaptic transmission, decreased frequency of spontaneous glutamate release, and decreased evoked excitatory synaptic transmission with no change in short-term plasticity or mEPSC amplitude in area CA1 of the hippocampus. This decrease in NMDAR-mediated synaptic transmission is a likely cause of the observed decrease in LTP in the Shank3 ⌬C/⌬C mice. In turn, the LTP deficits are one potential explanation for the decreased hippocampus-dependent spatial learning abnormalities.
These abnormalities are most likely attributable to the loss of multiple naturally occurring isoforms of Shank3 in the Shank3 ⌬C/⌬C mutants. However, we cannot rule out the possibility that increases in smaller-molecular-weight forms of Shank3 that appear in the Shank3 ⌬C/⌬C mice on Western blot with N-terminal and SH3 antibodies could be contributing to these abnormalities. The additional presence of these smallermolecular-weight isoforms in the Shank3 ⌬C/⌬C mutants is likely to occur in patients with autism caused by either translocation breakpoints or insertion mutations in exon 21 of Shank3, making them of potential relevance to a subset of autism associated with Shank3 mutations. Furthermore, the presence of additional novel isoforms of Shank3 has not yet been thoroughly evaluated in other published Shank3 mutant models (Bozdagi et al., 2010; Peça et al., 2011; Yang et al., 2012) and may also account for differences observed in these mutants. Indeed, it is not clear in these other Shank3 mutant models whether the phenotypes are attributable to loss of particular isoforms of Shank3 or to altered ratios of one isoform to another, much less whether novel isoforms appear as a result of these mutations. Mice lacking the entire Shank3 gene coding region will be of interest to compare with existing Shank3 mutant models to resolve these issues and as a model of the 22q13 deletion syndrome or Phelan-McDermid syndrome.
Both spatial learning deficits and decreased LTP in area CA1 of the hippocampus have also been reported in the Shank3 e4 -9 homozygous mutant mice. This model lacks exons 4 -9 coding for the ankryin repeat domain, resulting in loss of only the largest-molecular-weight isoform of Shank3 (SHANK3␣; . This finding suggests that loss of this largest isoform alone may be sufficient to produce altered spatial learning and decreased LTP in Shank3 mutants. The NMDA/AMPA ratio using whole-cell recordings was not reported in the Shank3 e4 -9 homozygous mutant mice. Similar to the present findings in Shank3 ⌬C/⌬C homozygotes, AMPARmediated synaptic transmission was intact in the Shank3 e4 -9 homozygous mutants as supported by no change in whole-cell mEPSC amplitude. It will be of interest to examine the NMDA/AMPA ratio directly in the Shank3 e4 -9 homozygous mutants to determine whether loss of only the largestmolecular-weight isoform of Shank3 is sufficient to decrease NMDAR-mediated synaptic transmission.
In addition, LTP deficits in area CA1 of the hippocampus have been reported in the Shank3 e4 -9 heterozygous mouse model (Bozdagi et al., 2010) . However, in this case, extracellular field recording suggests no change in NMDAR-mediated synaptic transmission but rather a decrease in AMPARmediated transmission. Furthermore, whole-cell recording in the Shank3 e4 -9 heterozygotes demonstrated decreased mEPSC amplitude, consistent with a decrease in AMPA-mediated transmission as well as a dramatic increase in mEPSC frequency (Yang et al., 2012) . The finding of extracellularly recorded decreases in both LTP and I/O curves were reproduced in a follow-up study by the same group, demonstrating the I/O curve differences in Shank3 e4 -9 homozygotes as well as heterozygotes (Yang et al., 2012) in conflict with a previous report . Again, the NMDA/AMPA ratio was not measured in whole-cell recordings. Also in the study by Yang et al., behavioral studies of Shank3 e4 -9 homozygous and heterozygous mice did not show a statistically significant difference in water maze learning in two, small, male-only cohorts, a finding that also contrasts with previously published work on Shank3 e4 -9 homozygotes ) and the present study. The different findings in Shank3 e4 -9 homozygous mice I/O curves using extracellular field recordings Yang et al., 2012) and in Shank3 e4 -9 homozygous water maze Yang et al., 2012) remain to be resolved.
In yet another Shank3 homozygous mutant targeting exons 13-16 that code for the PDZ domain of Shank3 (Shank3 e13-16 ) leading to loss of the two higher-molecular-weight isoforms of Shank3 (Shank3␣ and Shank3␤), the minimal hippocampal electrophysiology performed highlights differences with the present findings in Shank3 ⌬C/⌬C homozygotes. This includes normal extracellularly recorded I/O curves measuring population spike amplitude rather than direct measurement of fEPSPs and no change in the amplitude or frequency of mEPSCs in area CA1 of hippocampus (Peça et al., 2011) . Neither the NMDA/AMPA ratio nor LTP were measured in the hippocampus of Shank3 e13-16 homozygous mutants (Peça et al., 2011) . Curiously, the Shank3 e13-16 homozygotes also did not show altered spatial learning in the water maze task with a small cohort of 4-to 5-week-old male mutants (Peça et al., 2011) . This difference could be attributable to the different Shank3 mutation, different ages of mice tested, differences in protocols across laboratories, or differences in genetic background. Comparison of the multiple published Shank3 models within the same laboratory under the same conditions will be necessary to resolve these issues.
Interestingly, despite a dramatic increase in mGluR5 in synaptic fractions, we find that mGluR-LTD is not significantly enhanced in Shank3 ⌬C/⌬C mice. Because group I mGluRs are currently being targeted as novel treatments for other mouse models of autism (Bear et al., 2004; Won et al., 2012; Yang et al., 2012) and Shank3 has been shown to regulate mGluR5 expression and signaling in cultured neurons (Verpelli et al., 2011) , additional functional studies of mGluR function in Shank3 mutants will be of critical importance.
Shank3 and social, repetitive, and communication behavior
Social deficits are one of the key diagnostic features of autism (Schreibman, 1988; Mahjouri and Lord, 2012 ), yet of the two social interaction tests that we administered, we only observed deficits in one trial of the three-chambered social interaction test in which Shank3 ⌬C/⌬C mice failed to show a preference for social novelty. This phenotype has been reported previously in Shank3 e13-16 homozygotes (Peça et al., 2011) and Shank3 e4 -9 homozygotes . In the second test using social interaction with a juvenile, Shank3 ⌬C/⌬C mice did not show any deficits in initial interaction with juveniles or in a subsequent test of social memory. Together, these data suggest primarily intact social interaction with only minimal dysfunction in one task relevant to the social domain.
Surprisingly little phenotype was observed in the other two major behavioral symptoms domains relevant to autism, communication, and repetitive behaviors. An examination of USV during exposure of an adult male to an estrous female showed no changes in number of USVs or in latency to first USV in the Shank3 ⌬C/⌬C mice. Similarly, in younger mice, we observed no alteration in repetitive grooming behaviors. However, in older Shank3 ⌬C/⌬C mice, a significant increase in grooming behavior was observed. A thorough temporal/developmental assessment of the development of increased repetitive grooming and similar behaviors may be of interest in future studies.
Shank3 and associated features
Aside from the three core diagnostic features, autism is also associated with motor-coordination impairments (Clarke, 1996; Abu-Dahab et al., 2012) , and many patients with 22q13 deletion syndrome exhibit hypotonia and incoordination (Phelan and McDermid, 2012) . Shank3 ⌬C/⌬C mice also show impairment in motor coordination but not in motor learning.
We also tested Shank3 ⌬C/⌬C mice in tests of anxiety because autism can be associated with anxiety disorders (Gillott et al., 2001) . Of the three anxiety-related tasks, elevated plus maze, open field, and dark/light, we only found abnormalities in the dark/light task. Shank3 ⌬C/⌬C mice showed an increased latency to enter the light side and significantly preferred the dark chamber. Generally, this result alone might lead to a conclusion that Shank3 ⌬C/⌬C mice have increased anxiety. However, we did not see any differences in the other two anxiety tests. Thus, we interpret the avoidance of light in the dark/light task not as an increase in anxiety but as hypersensitivity to light or perhaps to novelty avoidance. We also tested Shank3 ⌬C/⌬C mice for acoustic startle response but found no differences. This suggests that Shank3 ⌬C/⌬C mice have hypersensitivity to only select sensory stimuli.
Some studies report that children with autism respond to novelty with avoidance behaviors (Kootz et al., 1982; Anckarsäter et al., 2006) . Our Shank3 ⌬C/⌬C mice show a marked increase in avoidance of novel inanimate objects as evident in the results from nest-building and marble-burying behavior. Another aberrant response to novelty in Shank3 ⌬C/⌬C mice is decreased initial locomotor response to a novel environment. This phenotype was only observed in the initial 5 min of exposure with rapid habituation to the locomotor apparatus thereafter. Interestingly,
Shank3
⌬C/⌬C mice also show a decreased latency to lick their hindpaw on a hotplate, indicating an increase in sensitivity to heat.
Conclusions
Recent studies strongly implicate SHANK3 in autism and Phelan-McDermid syndrome, making a thorough understanding of SHANK3 function in the CNS of critical importance. Our results indicate that Shank3 is critically important for normal synaptic transmission in the hippocampus and for normal spatial learning and memory. Loss of Shank3 leads to minimal social deficits but unveils multiple additional behavioral abnormalities, including motor coordination impairment, novelty avoidance, hypersensitivity to select sensory stimuli, and aberrant locomotor responses to novelty. Additional studies are needed to elucidate the underlying mechanisms of how Shank3 is involved in the above deficits, which brain regions are responsible for such deficits, and whether loss of Shank3 leads to irreversible neurodevelopmental abnormalities or to functional synaptic deficits that can be reversed later in life. Our findings of a decreased NMDA/AMPA ratio at hippocampal synapses and a dramatic increase in mGluR5 localization to synaptosome and PSD fractions suggests these as potential therapeutic targets for future preclinical studies.
